ABSTRACT In a massive MIMO-enabled cognitive HetNet, a multi-user massive MIMO macrocell is underlaid with dense cognitive small cells. Then, a plenty of exclusion zones (EZs) are formed around co-scheduled macrocell users. Applying enhanced inter-cell interference coordination (eICIC) in each EZ separately, we propose an EZ-assisted eICIC scheme which arranges a customized eICIC configuration for each EZ independently to others. The proposed scheme can overcome potential weaknesses of current eICIC and that of cognitive HetNets. Then, the EZ-assisted eICIC configuration problem is formulated as a general optimization problem, which maximizes overall weighted sum rate of the network. Since the problem is intractable, a cluster segmentation approach is, therefore, proposed to convert the problem into a feasible version. Furthermore, we design an iterative multi-user scheduling-based algorithm to solve the problem. Numerical results demonstrate that the proposed EZ-assisted eICIC scheme significantly outperforms eICIC and further eICIC in dense HetNet. 
I. INTRODUCTION
Recent years, plenty of interest and discussions about possible technologies for 5G cellular networks have captured the attention of researchers and engineers around the world. In order to meet the performance requirements of 5G concretely, academia and industry committees have proposed several promising technologies [1] , [2] , such as densified heterogeneous networks (HetNets) [3] , massive MIMO [4] , millimeter wave [5] , cognitive radio enabled networks [6] , etc. Massive MIMO enabled HetNet consisted of a massive MIMO macrocell and dense small cells (SCs) is regarded as one of the pivotal architectures of future cellular networks [7] , [8] . The massive MIMO macrocell base station (MBS) can provide a high-capacity umbrella of ubiquitous coverage and can concurrently transmit signal to multiple intended macrocell users (MUs) over the same band [9] , [10] . Dense SC networks can achieve higher spatial reuse efficiency and energy efficiency [11] . However, cross-tier interference between the macrocell and SCs is one of major obstacles to HetNet deployment [12] , [13] .
Conventional solutions to mitigate cross-tier interference mainly concentrate on allocating orthogonal resources for the two tiers. One of typical solutions involves in allocating orthogonal spectrum resources to macrocell-tier and SC-tier [14] . However, this approach declines spectral efficiency [15] . Introducing almost blank subframes (ABSs) in co-channel HetNets, enhanced inter-cell interference coordination (eICIC) is proposed by allocating orthogonal time domain resources to macrocell-tier and SC-tier, in which certain subframes (ABS) of the macrocell-tier are reserved for SC-tier to reduce cross-tier interference [16] . The features of eICIC mechanism are summarized as follows. During ABSs, MBSs mute all downlink transmissions to avoid interference to SC-tier. Meanwhile, small cell base stations (SBSs) transmit signal to served small cell users (SUs) at a higher transmitting power with less interference. During non-ABSs, MBSs transmit signal to overall MUs, and SBSs transmit signal only to centrally-located SUs at a lower power. Although eICIC mechanism can improve the performance of SUs by protecting them from interference of MBSs, it also degrades the aggregate capacity of macrocells because MBSs abandon transmitting signal during ABSs. Instead of completely blanking the downlink transmissions of macrocell-tier during ABSs, the concept of reduced power ABSs (RP-ABSs) is introduced to form further eICIC (FeICIC), in which MBSs transmit signal at full power during uncoordinated subframes and at reduced power during coordinated subframes with lower interference to SUs [17] . Furthermore, an MBS deployed with massive MIMO has excellent directionality and spatial resolution by using elaborate precoder, which can concentrate transmitting energy only in the directions of intended MUs while creating spatial blanking in other directions [13] , [18] . The massive MIMO MBS can transmit signal to scheduled MUs during arbitrary subframes with lower interference to SUs as the cross-tier interference from the MBS to the SC-tier is concentrated around scheduled MUs [19] . However, each scheduled MU will be interfered by multiple SBSs in HetNets with densified SCs, the aggregate cross-tier interference suffered by the MU is inaccurate to be treated as noise. Therefore, we empower SBSs with cognitive capabilities to form so-called cognitive HetNet. In the cognitive HetNet, SBSs can perceive channel occupation of the macrocell and can access the channel opportunistically [20] , [21] . If possible interference from a cognitive SBS to a scheduled MU exceeds a predetermined threshold I th , the SBS will abandon transmission. Thus, an exclusion zone (EZ) is formed around the scheduled MU [22] , [23] . SBSs in the EZ are referred to be inactive, meanwhile, these SBSs outside the EZ are referred to be active. Although the cognitive protocol can mitigate cross-tier interference to some extent, it sacrifices transmitting opportunities of interfering SBSs.
Therefore, we consider a hybrid scenario of massive MIMO enabled cognitive HetNet, where a massive MIMO macrocell is underlaid with dense cognitive SCs. We apply eICIC mechanism in the cognitive HetNet for two reasons. First, SBSs in EZs are inactive to protect co-scheduled MUs from cross-tier interference during non-ABSs. Second, the MBS mute all downlink transmissions not only to protect SC-tier, but also to provide transmitting opportunities for SBSs in EZs. The proposed network framework can overcome the potential weaknesses of eICIC and that of cognitive HetNets and can restrict the application region of eICIC in each EZ. However, current eICIC configuration arranges eICIC configuration uniformly for all EZs, this will lead to the following situation: EZs under different network conditions are arranged by the same eICIC configuration, which is detrimental to overall network performance. Therefore, we propose an EZ assisted eICIC (EZ-eICIC) configuration scheme, in which each EZ is arranged by a customized eICIC configuration independently to others. Then, the proposed configuration problem is formulated as a general optimization problem which maximizes overall weighted sum rate of the network. As the problem is intractable, it is converted into a feasible version by interfering SBS cluster (ISC) segmentation. Through analysis, we conclude an eICIC configuration criterion for each EZ and design an iterative multi-user scheduling algorithm to obtain EZ-eICIC configuration of the entire network. Fig. 1 and Fig. 2 illustrate a typical network topology and an example of the proposed EZeICIC configuration, respectively.
The key contributions of the paper can be summarized as follows. 
FIGURE 2.
An example of the proposed EZ-eICIC configuration, where EZ k, k ∈ {1, · · · , U } denotes the EZ formed by MU k. In each subframe, each EZ is arranged by a customized eICIC configuration independently to others.
• In the massive MIMO enabled cognitive HetNet consisted of a multi-user massive MIMO macrocell and dense cognitive SCs, we propose an EZ assisted eICIC scheme which arranges a customized eICIC configuration for each EZ independently to others.
• The EZ-eICIC configuration scheme is formulated as a general optimization problem which maximizes overall weighted sum rate of the network. As the problem is intractable, we propose an ISC segmentation approach to convert the original problem into a feasible version.
• We conclude an eICIC configuration criterion for each EZ, and design an iterative multi-user scheduling based eICIC configuration algorithm, in which EZs formed by scheduled MUs are arranged by non-ABS and the remaining are arranged by ABS.
The rest of the paper is organized as follows. Section II introduces related works. Section III presents the system model. In section IV, we formulate the EZ-eICIC configuration scheme as a general maximization problem. In section V, we design an EZ assisted eICIC configuration algorithm. Section VI demonstrates simulation results. Finally, a conclusion is present in section VII.
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Notation: we use subscript 0 for the macrocell (MBS) and other lowercase letters for SCs (SBSs). Uppercase boldface letters and lowercase boldface letters are used to denote matrices and vectors, respectively. The symbol G H denotes the conjugate transpose of matrix G. I N denotes an identity matrix of N × N dimensions. CN (m, N) is used to denote a circular symmetric complex Gaussian distribution with mean of m and covariance matrix of N. x is used to denote the Euclidean norm of a vector x. A and |A| denote a set and its corresponding cardinality, respectively. A\B denotes the complementary set of B in A.
II. RELATED WORK
A. eICIC eICIC mechanism has been proposed by 3GPP in Release 10. The main benefits, characteristics, and requirements for eICIC are summarized in [16] . In practical network, network load varies continuously as a result of user mobility and traffic dynamics. Therefore, the work in [24] adjusts the ABS ratio by keeping the HetNet continuously optimized for improved user experience. However, there are two important challenges for optimal eICIC configuration. (1) Determining the amount of radio resources (ABS ratio) that macrocells should offer to SCs, and (2) determining the association rules that decide which user should associate with SCs, i.e.,cell selection bias. Deb et al. [25] develop a novel algorithm to solve these two coupled problems in a joint manner, in which the solution accounts for network topology, traffic load, and interference map. By using a general service model, Zhou et al. [26] propose an adaptive eICIC configuration problem, which adjusts the parameters including the ratio of ABS and the bias of cell range expansion under the scenario of multiple network services.
B. FeICIC
Although eICIC mechanism can improve the experience of SUs by protecting them from macrocells' interference, it also degrades the aggregate capacity of macrocells because MBSs mute all downlink transmissions during ABSs. In order to complement the underused resources of macrocells, MBSs can transmit signal at a reduced power level during coordinated subframes, which is referred to as FeICIC in LTE Release 11. Using stochastic geometry, the work in [17] provides a theoretical foundation for analyzing HetNets with RP-ABS and range expansion bias. Nie et al. [27] analyze the downlink performances of HetNets with joint FeICIC and adaptive spectrum allocation. Minimizing the network energy consumption while maximizing the data rate, the work in [28] analyzes the energy efficiency and spectrum efficiency in LTE-A HetNets taking into consideration of range expansion and FeICIC. Liu et al. [29] propose the distributed algorithms based on the exact potential game framework for both eICIC and FeICIC optimizations, and demonstrate that significant gains on energy efficiency is achieved.
C. INTERFERENCE COORDINATION IN MASSIVE MIMO ENABLED HetNets
HetNet of a massive MIMO MBS underlaid with dense SCs is regarded as a promising technology for 5G cellular networks. By using stochastic geometry, [30] investigates the potential benefits of the massive MIMO enable HetNet and analyzes expressions for the coverage probability and the area spectral efficiency. The work in [31] considers the performance of massive MIMO HetNet with practical deployment scenario where SBSs are randomly scattered in the outer region of the macrocell. Ye et al. [32] explore how massive MIMO can be used to jointly maximize the offloading gains and minimize the interference challenges by joint transmission and resource blanking. The work in [33] studies the problem of joint load balancing and interference mitigation in massive MIMO HetNet with wireless self-backhauled SCs where the wireless backhaul employs the band of the macrocell. The work in [34] designs the precoder of the MBS to optimize the network energy efficiency under the constraints of the quality of service and transmitting power budget.
III. SYSTEM MODEL A. NETWORK MODEL
We consider the downlink of a co-channel TDD massive MIMO enabled cognitive HetNet in [20] . One MBS is equipped with N antennas and serves multiple MUs in U, where |U| N . Plenty of cognitive SBSs are uniformly scattered under the coverage of the macrocell. Each SBS is equipped with M antennas and serves several SUs in E j , where j is the index of the SBS and 1 ≤ |E j | ≤ M . S = {1, · · · , j, · · · , S} denotes the set of entire SBSs. Each user (MU or SU) is equipped with a single antenna and is associated with only one base station. The MBS transmits signal concurrently to multiple co-scheduled MUs over the entire band. We assume that all base stations are perfectly synchronized and that perfect channel state information (CSI) can be acquired by channel reciprocity [35] . It should be emphasized that perfect CSI is an idealistic assumption in practical massive MIMO enabled networks. However, the proposed scheme is still beneficial as an extension of eICIC.
B. CHANNEL MODEL
We adopt the widely-used block fading channel model, where a channel vector remains constant during a slot and only varies from slot to slot. The channel between the MBS and MU k can be assumed by
where φ 
C. TRANSMITTING MODEL
As cognitive capabilities of SBSs, they can sense the channel occupation of the MBS. For an SBS j, if the interference from itself to scheduled MU k exceeds the predefined interference threshold I th , it will abandon transmission to protect the scheduled MU k. We define SBSs whose interference to scheduled MU k exceeds I th as ISC C k , i.e.,
where p j,i is the power allocated to SU i ∈ E j by SBS j. i∈E j p j,i ≤ P s , where P s is the maximal transmitting power of each SBS. g j,k is the interfering channel vector from SBS j to scheduled MU k. Here we assume that interfering channel vectors are available. Although this is a widely-used assumption in cognitive networks, it is difficult to obtain accurate interference channel information [36] . In the practical cognitive HetNets, an SBS can estimate channels between itself and surrounding MUs via pilot signal of these MUs [37] , in which the power of pilot signal can be chosen according to [38] .
Considering downlink transmission of the macrocell-tier, the received signal at MU k is given by
where p 0,k is the power allocated to MU k ∈ U by the MBS. k∈U p 0,k ≤ P 0 , where P 0 is the maximal transmitting power of the MBS. g 0,k ∈ C N ×1 and g j,l ∈ C M ×1 denote the channel vectors from the MBS to MU k and from SBS j to SU l ∈ E j , respectively. w 0,k ∈ C N ×1 is the unit-norm precoding vector of the MBS for MU k. x 0,k ∼ CN (0, 1) and x j,l ∼ CN (0, 1) denote the user data at the MBS towards MU k and at SBS j towards SU l ∈ E j , respectively. n ∼ CN (0, δ 2 ) is the additive white Gaussian noise (AWGN), where δ 2 is the noise power. C sum denotes the union set of all ISCs, i.e.,
Similarly, the received signal at SU l ∈ E j is given by
inter-user interference signal within SBS j
For MU k ∈ U, the dominant cross-tier interference is avoided by cognitive SBSs, the residual is treated as noise. Then, the signal to interference plus noise ratio (SINR) of MU k is given by
where
are the inter-user interference and the cross-tier interference to MU k, respectively. For clarity, we assume that zero-forcing (ZF) precoding is applied by each SBS, the inter-user interference within an SC is eliminated. Therefore, the SINR of SU l ∈ E j is given by
are the co-tier interference and the crosstier interference to SU l ∈ E j , respectively. Thus, the achievable rate of MU k ∈ U and that of SU l ∈ E j are respectively given by r 0,k = log 2 1 + γ 0,k ,
and r j,l = log 2 1 + γ j,l .
IV. PROBLEM FORMULATION
For the purpose of characterizing eICIC configuration, we define a configuration variable 0,k ∈ {0, 1}, where 0,k = 0 indicates that EZ k is arranged by ABS. Otherwise, it is arranged by non-ABS. For clarity, we summarize the relationships between MU, EZ, ISC, and SBS as follows.
We choose weighted sum rate as a metric to evaluate the network performance. In the EZ formed by MU k, the weighted sum rate is given by
where α 0,k and β j,l are composite parameters which represent both the priority and the scheduling overhead. For example, α 0,k = 1 − µ 0,k and β j,l = 1 − µ j,l represent sum rate maximization, where µ 0,k and µ j,l denote the scheduling overhead of MU k and that of SU l ∈ E j , respectively. VOLUME 6, 2018
represent proportional fairness among users, where R 0,k and R j,l denote the average rate of MU k and that of SU l ∈ E j until current configuration cycle, respectively. In this paper, the proposed EZ-eICIC configuration is formulated as a general maximization of weighted sum rate of all EZs, i.e.,
Although P1 can be solved by exhaustively searching over all possible eICIC configuration combinations, the computational complexity is overcomplicated for practical networks. On first glance, P1 is an integer programming problem. However, it is difficult to solve using integer programming theory since 0,k is tightly coupled to the summation range C sum . Intuitively, two or more ISCs are intersecting with each other. Fig. 3 shows an example of two intersecting ISCs, in which ISC C k and ISC C m are intersecting and SBS j is the shared element. Therefore, we try to find another way to solve P1 in the next section. 
V. EXCLUSION ZONE ASSISTED ENHANCED INTER-CELL INTERFERENCE COORDINATION CONFIGURATION ALGORITHM
The intractability of P1 is attributable to scenarios of intersecting ISCs. Therefore, we first introduce the principle of ISC segmentation which segments the interfering SBS union set C sum into |U| disjoint ISCs, and then decompose the original problem P1 into several solvable subproblems via ISC segmentation. By analyzing and solving each subproblem, we conclude an eICIC configuration criterion of each EZ. Furthermore, an iterative multi-user scheduling algorithm is designed to derive the EZ-eICIC configuration.
A. ISC SEGMENTATION
In this section, we utilize the example in Fig. 3 to illustrate the intractability of P1 in detail, and then introduce the principle of ISC segmentation. In Fig. 3 , we assume that EZ formed by MU k is prior arranged by ABS based on an eICIC configuration criterion. Then, MU k is mute and SBSs in ISC C k are active. If EZ formed by MU m is also arranged by ABS, there is no conflict. However, if the EZ is arranged by non-ABS, MU m is scheduled and SBSs in C m are inactive. Thus, the shared SBS j will encounter two opposite choices, and vice versa. In summary, when two intersecting EZs are arranged by different types of subframes (ABS or non-ABS), the shared SBSs will encounter opposite choices. Therefore, we expect that the shared SBSs is specifically incorporated into one ISC and is completely separated from the other. In this manner, the interfering SBS union set C sum can always be segmented into |U| disjoint sets according to a certain criterion. Mathematically, ISC segmentation is denoted by
Since the ISC segmentation is related to an eICIC configuration criterion, the detailed approach will be explained latter.
B. PROBLEM REFORMULATION
Assuming C sum has been segmented into |U| disjoint ISCs, the objective function of P1 can be rearranged as
Since the last term of (13) is independent of the optimization variable and is always nonnegative, P1 is equivalent to the following problem.
The objective function of P2 is the maximization of a polynomial summation, which can be converted into the maximization of each term. For the term of MU k ∈ U, its corresponding subproblem is given by
When α 0,k , β j,l , r 0,k , r j,l are available, P3 is a typical 0-1 integer programming whose solution can be obtain easily by relaxing 0,k [39] . Let 0 ≤ 0,k ≤ 1, subproblem P3 is relaxed as a linear programming, i.e.,
where f ( 0,k ) is the relaxed objective function of P3. On the basis of linear programming theory, the optimal solution can 75512 VOLUME 6, 2018
be obtained by letting the derivative of (16) be zero. Taking the derivative of (16), we have
Letting df ( 0,k ) d 0,k = 0, the optimal solution of (16) Lemma 1: In the EZ formed by MU k, the eICIC configuration complies with the criterion as follows.
where ≥ 0, the EZ should be arranged by non-ABS since non-ABS configuration outperforms ABS configuration. Otherwise, the EZ should be arranged by ABS.
When an EZ formed by MU k is arranged by non-ABS, MU k is scheduled. Otherwise, MU k is mute. We assume that the MUs arranged by non-ABS are denoted by K, the remaining MUs arranged by ABS are denoted by U\K. Thus, MUs in K are scheduled and those MUs in U\K are mute. Therefore, the eICIC configuration of all EZs can be regarded as a multiuser scheduling problem. In addition, the user scheduling condition should be consistent with the eICIC configuration criterion in Lemma 1.
D. MULTI-USER SCHEDULING BASED eICIC CONFIGURATION ALGORITHM
In this subsection, we propose a multi-user scheduling based EZ-eICIC configuration algorithm. An iterative approach is applied to select scheduled MUs (denoted by set K) satisfying the non-ABS configuration condition in (19) . Then, EZs formed by MUs in K are arranged by non-ABS. The remaining EZs, formed by MUs in U\K, are arranged by ABS.
Before introducing the iterative multi-user scheduling algorithm, some denotations are necessary to describe the algorithm more clearly. In the ith iteration, the ith selected MU is denoted by K (i). The set of all currently selected MUs is denoted by K (i) = {K (1) , · · · , K (i − 1)}. The interfering SBS union set generated by currently selected MUs is denoted by L(K (i) ) = k∈K (i) C k . Based on these assumption, the detailed procedures of the multi-user scheduling algorithm are presented in the following.
Initially, the candidate MU set is M (0) C = U, the selected MU set is K (0) = ∅, and the interfering SBS union set is L(K (0) ) = ∅
Step 1: Update the candidate MU set M
(i)
C and the interfering SBS union set.
Step 2: ∀k ∈ M (i) C , calculate possible net gains of scheduling MU k. There are two basic scenarios that need to be discussed separately.
Scenario 1: The candidate MU k is disjoint with the interfering SBS set of currently selected MUs, i.e., C k ∩ L(K (i) ) = ∅. Then, possible net gains scheduling MU k is calculated by
Scenario 2: The candidate MU k is intersecting with the interfering SBS set of currently selected MUs, i.e., C k ∩ L(K (i) ) = ∅. Then, the actual interfering SBSs of candidate MU k is denoted by
. Therefore, possible net gains of scheduling MU k is calculated by
Step 3: Select the MU with the maximal net gains.
The algorithm terminates as max < 0 or M (i) C = ∅, where max denotes the maximal objective function of (23) . In the multi-user scheduling based EZ-eICIC configuration algorithm, the calculation of r 0,k is crucial. However, r 0,k is variational since power allocation and precoding vectors vary in each iteration. Although ZF precoding is preferred by massive MIMO systems for downlink transmitting, the precoding matrix is difficult to obtain when the scheduled MU set is not completely determined. To calculate the rate of each MU in each iteration, we estimate the precoding vector of each MU by maximum ratio transmitting (MRT) precoding, which is proximate with ZF precoding in performance and is merely the conjugate transpose of the downlink channel [40] . Thus, the precoding vector of a candidate MU k is estimated bŷ
As precoding vector is determined, power allocation can be acquired easily by water-filling. After determining the scheduled MU set K, EZs formed by scheduled MUs are arranged by non-ABS and those EZs formed by remaining MUs are arranged by ABS. Furthermore, ZF precoding can be applied by the MBS to eliminate the inter-user interference VOLUME 6, 2018 between MUs. The procedures of the proposed EZ-eICIC configuration algorithm are presented in Algorithm 1.
Algorithm 1
The multi-user scheduling based EZ-eICIC configuration algorithm Require: U; Initialize: Candidate MU set is M (0)
C do Based on the estimated precoders, calculate the power allocation by water-filling. Based on different intersecting scenarios, calculate possible net gains in each EZ by (21) or (22) . end for Select the MU with max ;
EZs formed by MUs in K are arranged by non-ABS. EZs formed by MUs in U\K are arranged by ABS.
E. COMPLEXITY ANALYSIS
We choose the number of complex multiplications as the evaluation metric of computation complexity. The optimal EZ-eICIC configuration can be obtained by exhaustively searching over all possible configuration combinations, which takes approximate
N k=1
|U | k k 5 N complex multiplications for one selection. For our proposed strategy, the evaluation ofŵ 0,k involves a multiplication of two (1 × N ) vectors which takes the complexity of O(N ). The multiplication operation is repeated over all candidate MUs. Therefore, the complexity of the proposed algorithm is O(N |U|).
VI. PERFORMANCE EVALUATION
We assume that the macrocell has a circular coverage radius of 500 meters. The MBS is located at the center and is equipped with 128 antenna elements. The distance between adjacent elements is the half-wavelength. MUs and SBSs are uniformly distributed within the coverage of the macrocell. Each SBS is equipped with 4 antenna elements and serves 2 SUs. ZF precoding and water-filling power allocation are applied by SBSs. Each SU is randomly located within 40 meters from its associated SBS. The channel models of SCs follow the standard of 3GPP [41] . α 0,k and β j,l are chosen to guarantee proportional fairness among users, i.e.,
and
where R 0,k and R j,l are calculated subframe by subframe. The main simulation parameters are summarized in Table 1 . Monte Carlo simulation with 10000 times channel realization is employed to acquire meaningful results. We compare the proposed scheme (EZ-eICIC) with three existing schemes, i.e., cognitive HetNet scheme in [21] , eICIC scheme in [26] , and FeICIC scheme in [28] . For the sake of fairness, the compared cognitive HetNet scheme here is slightly different with that in [21] , where the MBS of the comparison scheme is equipped with large number of antennas. In addition, the unicast service is chosen by [26] since it is a representative service in wireless networks. In the FeICIC mechanism, the MBS transmits at full power P 0 during uncoordinated subframes and transmits at a reduced power ηP 0 during coordinated subframes, where 0 ≤ η ≤ 1 is the power reduction factor. Furthermore, the optimal EZ-eICIC configuration is chosen as the upper bound, which is acquired by exhaustively searching over all possible EZ-eICIC configuration combinations. Average weighted sum rate (AWSR) is chosen as the performance metric, which is averaged over 2000 subframes. ≤ 10) , the AWSR of all schemes increases linearly with |U| growing. In this range, scheduling all of MUs will promote the AWSR of the network. Therefore, EZ-eICIC arranges all EZs by non-ABS which the AWSR is similar to cognitive HetNet. However, eICIC and FeICIC will reserve partial subframes for SCs as ABSs, their performance is slightly lower than EZeICIC and cognitive HetNet. With |U| continuous increase, the AWSR of compared schemes increase at first, while they start to decrease at a turning point. This is because that the population of EZs grows with |U| increasing. In this range, more SBSs are dropped into EZs and are deactivated. Thus, the AWSR of cognitive HetNet, that of eICIC, and that of FeICIC decline successively. Furthermore, the AWSR of FeICIC is better than that of eICIC when |U| is larger. This is because that more MUs will be dropped in inner region of the macrocell and will be scheduled by the MBS during ABSs. The performance improvement of EZ-eICIC is due to the fact that it independently arranges eICIC configuration to each EZ based on the net gains. Moreover, it is also observed that the slope of EZ-eICIC becomes flat as the number of MUs grows. The reason behind this is that EZ-eICIC attempts to strike a performance balance between two tiers under a large number of MUs. 6 illustrates the AWSR of the macrocell-tier, that of the SC-tier, and that of the overall network versus different number of MUs for the case of 80 SCs, respectively. Fig.6 (a) shows the comparison between the EZ-eICIC and cognitive HetNet with |U| = 5 and with |U| = 20. When |U| = 5, cognitive HetNet slightly outperforms EZ-eICIC since both schemes schedule all MUs and cognitive HetNet is free from scheduling overhead. When |U| = 20, EZ-eICIC is clearly superior to the cognitive HetNet. Although the AWSR of the macrocell-tier of EZ-eICIC underperforms that of cognitive HetNet, the AWSR of the SC-tier of EZ-eICIC outperforms that of cognitive HetNet. In general, EZ-eICIC can configure ABSs reasonably to obtain larger AWSR of the SC-tier by sacrificing smaller AWSR of the macrocelltier. Thus, the overall network performance is improved. Fig. 6 (b) shows the comparison of the EZ-eICIC and eICIC scheme in [26] with different number of MUs. When |U| = 5, EZ-eICIC arranges non-ABS for all EZs, eICIC scheme reserves ABSs for SBSs in EZs. Therefore, the AWSR of the macrocell-tier of EZ-eICIC outperforms that of eICIC. Meanwhile, the AWSR of the SC-tier of EZ-eICIC is worse than that of eICIC. The reason behind this is that the AWSR of an MU is usually greater than that of SBSs in its formed EZ when the number of MUs is small. When |U| = 20, EZ-eICIC will configure ABSs for more EZs and will provide more transmitting opportunities to SBSs in EZs. Thus, the overall AWSR of the EZ-eICIC exceeds that of eICIC. Fig.7 illustrates the AWSR of the macrocell-tier, that of the SC-tier, and that of the overall network versus different number of SCs for the case of 15 MUs, respectively. Fig.7 (a) shows the performance comparison between EZ-eICIC and cognitive HetNet with |S| = 60 and with |S| = 110. With the network becoming denser, the AWSR of the macrocell-tier of the cognitive HetNet scheme keeps constant since number of scheduled MUs is fixed to |U| = 15. Although the number of SC is almost doubled, the AWSR of the SC-tier is not at the same growth rate. This is because that the added SCs are scattered in EZs with high probability and have to be inactive due to cognitive regime. For EZ-eICIC, even though the AWSR of the macrocell-tier drops slightly, the AWSR of the SC-tier increases significantly. Fig.7 (b) shows the performance comparison between EZ-eICIC and eICIC with |S| = 60 and with |S| = 110. It is observed that EZeICIC outperforms eICIC under different network densities. In summary, EZ-eICIC can obtain more AWSR of SC-tier by sacrificing a small number of AWSR of the macrocelltier. Furthermore, as the network becomes increasingly dense, more transmitting opportunities are provided for the SC-tier to improve the overall network performance. Fig.8 shows the tradeoff between the SC-tier and the macrocell-tier with different number of MUs. The slope of curves can be regarded as the loss ratio of the SC-tier due to the growth of MUs. The greater the slope, the more loss of the SC-tier. It can be observed that the slope of EZ-eICIC is the smallest. The reason behind this is that the proposed schemes can minimize the loss of the SC-tier and can maximize the gains of the macrocell-tier by arranging eICIC configuration reasonably. In addition, with the population of MUs increasing, the AWSR of the SC-tier and that of the macrocell-tier tend to be stable at a certain point. This further confirms the fact that the EZ-eICIC tries to strike a performance balance between the SC-tier and the macrocell-tier under a certain network density.
VII. CONCLUSION
In this paper, we propose an EZ assisted eICIC scheme in cognitive HetNet which overcomes the weaknesses of both eICIC and cognitive HetNets. The proposed scheme arranges a customized eICIC configuration for each EZ independently to others. Then, the EZ-eICIC configuration problem is formulated as a general maximization problem. Since ISC intersections make the problem difficult to solve, we decompose the original problem into several simplified subproblems via ISC segmentation. By analyzing and solving each subproblem, we conclude an eICIC configuration criterion for each EZ which takes into account both possible gains of ABS configuration and that of non-ABS configuration. Furthermore, a multi-user scheduling algorithm is designed to figure out the EZ-eICIC configuration of the entire network. Simulation results confirm that the proposed EZ-eICIC scheme achieves significant gains compared with existing schemes in densified HetNets. In this paper, the proposed EZ-eICIC configuration algorithm is executed subframe by subframe, the designing of optimal configuration cycle is beyond the scope of this paper, we will study it in our future work.
